Hydrogen is considered as one of the best alternative fuels due to its abundance, easy synthesis, and non-polluting nature. For the on-board energy storage in vehicles one needs hydrogen storage materials with high gravimetric and volumetric densities of hydrogen. In order to achieve the high volumetric density of hydrogen, it is important to find potential materials where one can pack hydrogen atoms or molecules more efficiently. There are several hydrides identified recently [1, 2] where the gravimetric and volumetric density of hydrogen is sufficiently larger. However, the sorption kinetics of hydrogen in such materials are very poor. So, we require a more detailed knowledge about the interaction of hydrogen with the host matrices in order to design potential hydrogen storage materials for future applications.
The shortest H-H separation between two hydrogen atoms in a crystalline framework is limited by the H-to-H repulsion and it is commonly believed that two hydrogen atoms cannot be located closer together than some 2.0Å [3] . This so-called "2-Å rule" appears to hold for the absolute majority of precisely described structures of metal (alloy/intermetallic) hydrides. However, the structural knowledge for hydrides is by and large very limited owing to complexity in structural arrangements and difficulties involved in establishing hydrogen positions. A recent experimental study [4] on RNiIn (R = La, Ce, Nd; generally a rare-earth element) series shows that hydrides of these compounds violate the "2-Å rule" vigorously. Using density functional calculations we have explained [5, 6] the origin for the violation and suggested that the H-H separation may be reduced to even below 1.5Å by combinations of other element. The RNiIn phases crystallize in the ZrNiAl-type structure ( fig. 1 ), which c EDP Sciences comprises a family of more than 300 individuals [7] and only few of the hydrides of these compounds are identified experimentally.
The electron-localization function (ELF) is a useful tool to characterize chemical bonding in solids. For example, Savin et al. [8] distinguished different kinds of bonding in a wide range of materials and also demonstrated that it is possible to identify the site preference for hydrogen in the Ca metal using ELF analysis. ELF is a measure for the probability distribution of paired electrons, and this function is able to better distinguish different bonding situations for electrons than the plain charge-density distribution [9] . For example, it is usually hard [8, 9] to distinguish K, L, M, . . . core shells from inspection of charge-density distributions whereas ELF can discriminate individual shells and disclose details in their electron distributions. Using ELF analysis we show that H atoms in metal matrices prefer to enter interstitial sites which have more nonbonding localized electrons than the other sites.
The theoretical simulations have utilized the DFT with plane-wave basis sets using the Vienna ab initio simulations package (VASP) [10] , which calculates the Kohn-Sham ground state via an iterative band-by-band matrix-diagonalization scheme and charge-density mixing [10] . All calculations employed the generalized-gradient approximation (GGA) of Perdew and Wang [11] . The valence electrons were explicitly represented with projector-augmented plane-wave (PAW) [12] pseudopotentials. Theoretical simulations have been performed with full geometry optimization and without any constrains where the ions are relaxed toward equilibrium until the Hellmann-Feynman forces are less than 10 −3 eV/Å. Brillouin zone integration is performed with a Gaussian broadening of 0.1 eV during all relaxations. All calculations are performed with 768 k points in the whole Brillouin zone and a 600 eV plane-wave cutoff. The preference for hydrogen localization in the 2d and 4h sites of space group P 62m with full occupancy have been systematically tested for the considered ZrNiAl-type phases (more surveying studies have been made for the 3g site). Equilibrium volumes and unit-cell parameters were extracted from calculated energy vs. volume data by fitting to the "universal equation of state" proposed by Vinet et al. [13] . The hydride-formation energy (∆E) was calculated from the relation ∆E = 1
where x refers to the hydrogen content per formula unit (viz x = 0.667, 1.333 or 2.333 for the filled-up site(s) under consideration), T is a transition metal, M an element in the periodic table, E(RT M H x ) represents the energy of the hydride phase, E(RT M ) the energy of the intermetallic phase, and E(H 2 ) the energy of the dihydrogen molecule (−6.795 eV).
It should be noted that in the VASP code no corrections for local augmentation functions are applied during the ELF calculation. This may have noticeable effect on the calculated ELF values. In order to clarify this effect we have compared the calculated ELF results obtained from TBLMTO and VASP codes. Both yielded almost the same qualitative features except a shift in the magnitude of the ELF value. In this present study we are mainly concentrating on the qualitative features rather than on the absolute value. Hence, the main conclusion of the present work may not be affected by the ELF value obtained from the VASP code. The ZrNiAl-type structure (see fig. 1 and table I; maintaining the general formula RT M ) has eight different interstitial sites centered around 2d, 2e, 3f , 3g, 4h, 6i, 6k, and 12l. Of these, the tetrahedral holes around 4h (surrounded by 3R and 1T ), the trigonal-bipyramidal holes around 2d (surrounded by 3R, 1T , and 1M ), and the distorted octahedral holes around 3g (surrounded by 3R, 1T , and 2M ) are the most interesting in relation to hole size [14] and symmetry. We have searched the site preference of hydrogen in all these possible interstitial sites for around a hundred ZrNiAl-type compounds. Even though we have examined a large number of ZrNiAl-type phases, it is convenient to concentrate the presentation of the findings on two typical examples, where hydrogen prefers to occupy different sites.
The hole size for all interstitial sites of the ZrNiAl structure (as derived from structural parameters [15] and atomic radii) shows that the 2d and 12l sites give rise to the largest interstitial holes; radius 0.49 and 0.43Å, respectively. The experimental study [15] showed that hydrogenation of ZrNiAl leads to ZrNiAlH 0.53 , with the hydrogen atoms on the 2d site. The theoretically optimized structural parameters for the ZrNiAl matrix came out in very good agreement with the experimental values (table I). In order to locate possible hydrogen positions in the hydride phase, the ELF for ZrNiAl was systematically visualized in different planes. The results showed that electrons only have a tendency to accumulate at the 2d site ( fig. 2a ; ELF above 0.6 at the 2d site and much smaller values at the other interstitial sites). Hydrogen with full occupancy was subsequently placed in the 2d site and atomic positions as well as unit-cell parameters were optimized. The thus obtained optimized structural parameters fit very well with the experimental data (within the 3% limit typical for DFT calculations).
Calculations performed on the assumption of accommodation of hydrogen in the other interstitial sites gave poorer fits to the experimental values and less favorable hydride-formation energies. The shortest H-H separation in the ZrNiAlH 0.667 phase obeys the "2-Å rule".
Exactly the same approach has been used systematically to identify hydrogen positions in the isotypic LaNiIn phase. Hole-size considerations for the experimental structural parameters of LaNiIn [16] suggest that 3g (hole radius 0.63Å), 4h (0.47Å), and 3f (0.45Å) are the possible interstitial sites for the accommodation of hydrogen. First, we have optimized the structural parameters for LaNiIn and the calculated parameters are found to be in good agreement with the experimental findings (table I). Using the theoretically optimized structural parameters we have derived the ELF and visualized this function in different planes of the LaNiIn structure. Inspection of these ELF maps revealed that nonbonding localized electrons are accumulated at the 4h site (ELF above 0.6 at the 4h site and negligible ELF at all other interstitial sites; fig. 2c ). The subsequent structural optimization for the corresponding filled-up LaNiInH 1.333 structure shows that this is indeed a very likely atomic arrangement for the hydride, with again quite good agreement between experimental and theoretical structural variables (table I) . It is worthwhile noting that calculations based on accommodation of hydrogen in the other interstitial sites gave also in this case poorer fit to the experimental data and less favorable hydride-formation energies. Like the ZrNiAl-to-ZrNiAlH 0.667 conversion, the hydrogenation of LaNiIN to LaNiInH 1.333 causes highly anisotropic lattice changes; contraction of a and expansion of c. It should be noted that ZrNiAlH 0.667 obeys the 2-Å rule whereas LaNiInH 1.333 violates it (see table I).
It is clear from our ELF analysis that compared to the crystal structure the chemical environment around a given interstitial site plays a decisive role to accommodate hydrogen. On this background it is interesting to visualize the ELF for LaNiInH 1.333 (see fig. 2d ) to look for possible interstitial sites where hydrogen prefers to occupy. With the 4h site filled up by hydrogen, another interstitial site (3g) with an ELF value of around 0.6 appears (while other interstitial sites still show negligible ELF levels). A recent study of deuteriation of LaNiIn under pressure (p D2 = 4.6 bar) has revealed a new phase, LaNiInD 1.64 , in which deuterium occupies both the 4h (96% filled) and 3g (36% filled) sites. The structural optimization for the corresponding filled-up LaNiInH 2.333 structure gave unit-cell dimensions and positional parameters in satisfactory agreement (viz within the expected accuracy for DFT calculations) with the experimental findings for LaNiInD 1.64 (table I) . The effect of partial vs. full occupancy of hydrogen positions appears to be of subordinate importance for the structural details. The formation energy for hydrogenation from LaNiInH 1.333 to LaNiInH 2.333 (table I) confirms that this conversion is thermodynamically acceptable as already demonstrated by experiment. As a consistency check, structural optimizations and formation-energy estimates were also made for other combinations of fully occupied interstitial sites. The outcome (table I) confirms that the interstitial site combination 4h and 3g is the only realistic possibility in this case. Inspired by the ability of ELF to predict the existence of LaNiInH 2.333 , ELF maps were prepared for ZrNiAlH 0.667 . However, additional sites with nonbonding electron localization did not show up in the ELF maps (see fig. 2b ) and calculations of formation energies (positive ∆E; not documented) confirm that ZrNiAlH 0.667 should be the most hydrogen-rich phase in ZrNiAl.
It was indeed the success of ELF to correctly predict the site preference of hydrogen in the just discussed hydride phases that led us to undertake a more systematic study of the ZrNiAl-type family. The working hypothesis was that when the ELF at a certain interstitial site takes a maximum that exceeds 0.5, then this site will favor accommodation of hydrogen. The ELF criterion predicts that hydrogen prefers the 2d site for 43% of the studied RT M phases (e.g., YNiIn (see fig. 2h ), ThRhSn, and ZrCoGa) and the 4h site for 12% (e.g., CeNiIn, PrNiIn, and NdNiIn). For 5% of the RT M phases (e.g., ThPdIn (see fig. 2g ), ScMnSi, and ThNiGa) the ELF is unable to provide a clear-cut distinction between the 2d and 4h sites. The ELF for these phases is generally blurred in the interstitial regions and the ELF level at 2d and 4h sites reflects a more even charge distribution. For 40% of the studied RT M phases (e.g., ZrAsOs, ScPdGe, and ThIrAl) the ELF predicts that any attempted hydrogenation would be unsuccessful. These predictions compare reasonably well with the corresponding calculated formation energies, which show that 44% of the 95 examined RT M phases have a clear preference for the 2d site, 10% for the 4h site, 8% undecided, and 38% unamendable for hydrogen. Table I Finally, a few words about the origin of the site-preference rule. The maximum value of ELF (more than 0.5) in a particular interstitial site indicates that the chemical environment in that place is such that those electrons have relatively more paired nature (i.e. nonbonding localized electrons) than other interstitial sites. When hydrogen atom is diffused into the metal matrices it has one unpaired electron. The diffused hydrogen with one unpaired electron will try to find a place in the metal matrix where it can find electrons that can easily participate in the bonding interaction such that it can achieve a more stable 1s 2 paired electron configuration and thereby completes its valence shell. The maximum value of ELF (more than 0.5) in the interstitial regions indicates that nonbonding localized electrons at those regions can more easily go to the H sites than electrons from other interstitial sites. This is the physical origin for the site preference of H in interstitial sites where ELF has the maximum value.
Another mechanism for such a process is that a hydrogen atom on entering the interior of the metal matrix gives up its own electron to the collective interstitial electron well (thus forming an H + ion (viz a bare proton)), undergoes lattice diffusion, and arranges itself on an appropriate interstitial site with high ELF, where it attracts nonbonding localized electrons and establishes a paired state. The net outcome of the two processes is the same, H gains one electron from the host lattice and establishes H − with a paired s 2 state. This complies with our finding that charge-transfer plots in metal hydrides always show electron transfer from the host lattice to H. The higher ELF values in certain interstitial regions signal that electrons in these regions have appropriate spin available for completion of the valence shell of the incorporated hydrogen atoms. If more than one interstitial sites show large nonbonding localized electrons in a particular matrix, it seems likely that first hydrogen atoms will go to the site with the largest amount of nonbonding localized electrons. As a result of the filling of this site, electron localization on other sites may either increase or decrease. In the former case a new site may be available for hydrogen filling, say, when exposed to high hydrogen pressures. * * *
